Micro-electro discharge machining (micro-EDM) technique, an advanced noncontact machining process, is used for structuring of nonconductive ZrO 2 ceramic. In this study copper foil as a conductive layer is adhered on the workpiece surface to initiate the sparks and kerosene is used as dielectric for creation of continuous conductive pyrolytic carbon layer on the machined surface. Voltage (V) and capacitance (C) are considered as the parameters to investigate the process capability of machining parameters in continuous micro-EDM of ZrO 2 . Different voltage pulses are studied to examine the causes of lower material removal rate (MRR) in micro-EDM of nonconductive ceramics. The results showed that in micro-EDM of ZrO 2 MRR increases with the increase of voltage and capacitance initially, but decreases at higher values and no significant materials are removed at capacitances higher than 1nF.
Introduction
Nonconductive ceramics also known as engineering or advanced ceramics are increasingly used for producing micro-parts and devices due to its excellent chemical and physical properties such as high hardness and biocompatibility. Engineering ceramics are considered one of the most important materials that have high potential to deliver significant contributions in biomedical devices, microfluidics, reactors and electromechanical generators [1, 2] . Micro-electro discharge machining (micro-EDM) is an electro-thermal material removal process which is a derived form of EDM for manufacturing micro-components. It is a known process for structuring and shaping of hard and brittle materials. In micro-EDM, a series of electrical sparks or discharges occur rapidly in a short span of time within a constant spark gap between tool electrode and workpiece. Materials are removed due to the thermal energy of the spark. The material to be machined by micro-EDM requires a minimal electrical conductivity of 0.1 Scm -1 . Most of the advanced ceramics such as ZrO 2 , Al 2 O 3 , Si 3 N 4 are electrically nonconductive. Therefore, EDM cannot be directly applicable to the nonconductive ceramics [3] . A basic process is introduced to apply EDM for processing the nonconductive ceramic in which an assisting electrode (AE) layer of electrically conductive material is applied [4] . The sparks initially occur between the tool electrode and the AE layer. After finishing the temporary external layer, a layer of pyrolytic carbon is deposited on the substrate surface disassociating the carbonic dielectric in appropriate conditions [4] [5] [6] . Micro-EDM of advanced ceramics for micro-parts structuring is thought to be as an important technique which can fulfil the gap between the diversity of engineering ceramics and the ability to use them in industrial application. Micro-EDM provides excellent opportunities for research, development and manufacturing of such products. However, proper parameter selection is considered very important in micro-EDM of nonconductive ceramics for stable material removal, to obtain desired shape of the product and to increase the production rate significantly. This study aims to investigate the effect of input parameters such as capacitance and voltage on MRR by the formation of pyrolytic carbon for continuous and stable micro-EDM of nonconductive ZrO 2 ceramic. 
Experiments
The schematic diagram of the experimental setup of micro-EDM for nonconductive ceramic with the AE is shown in Fig. 1 . The machining has been conducted using micro-EDM machine (Mikrotool, Singapore). In the present study, 92% pure ZrO 2 ceramic plate is used as workpiece material. The properties of the workpiece material are listed in the Table 1 and the machining conditions used in the experiments are listed in the Table 2 . The copper tool electrode of ϕ1 mm is used. The workpiece and the tool electrode were cleaned by acetone before machining. Since the workpiece is electrically nonconductive, its surface is covered by an adhesive copper layer to occur the sparks. After the removal of this external layer, a new conductive layer is created instantaneously on the machined surface using cracked carbon combined with the debris of tool electrode material. This layer acts further as an AE. Cu foil has excellent electrical conductivity and it is easy to remove after machining without any damage in the part. After machining, the workpiece is cleaned again by acetone. Machined surface is inspected by scanning electron microscope (SEM) (JEOL JSM-5600). Different voltage pulses are recorded by oscilloscope (MSO 4104, Tektronix, USA) through voltage probe (P6139A, Tektronix, China). 
Results and Discussion
The ZrO 2 ceramic workpiece machined by micro-EDM is shown in Fig. 2 and SEM image of machined surface is shown in Fig. 3 . Holes of 200 µm depth are created on the ZrO 2 workpiece. The pyrolytic carbon layer on the machined surface is produced continuously from kerosene dielectric fluid and adhesive Cu foil as initial assisting electrode. In RC pulse micro-EDM, the main electrical parameters are capacitance (C) and voltage (V). The additional nonelectrical parameters are feed arte, rotational speed, gap distance, depth of machining, flushing of dielectrics. From the experiments it is observed that the most influential parameter is capacitance. The effect of capacitance on MRR in micro-EDM of ZrO 2 at constant voltage is shown in Fig. 4 . At higher values of capacitance, micro-EDM for nonconductive ZrO 2 ceramic is not successful. The pyrolytic carbon is not satisfactorily formed on the machined surface at higher capacitances (more than 1nF). In present study, 1 nF and 10 pF are found the higher value and lower value of capacitance respectively that are useful for micro-EDM. However, the voltage range between 80V-100V is observed effective for machining. Any value of voltage can be used in the capacitance range of 1nF-10pF. The effect of voltage on MRR in micro-EDM of ZrO 2 at constant capacitance is shown in Fig. 5 . It can be mentioned that the MRR increases with the increase of voltage and capacitance within their range. But at higher values of capacitance and voltage MRR begins to decrease in deep machining due to ineffective debris flushing from the hole. From the SEM inspection many globules are observed in the machined zone. It reveals that the material is removed during the micro-EDM of nonconductive ceramics by means of spalling with melting and vaporization [5] .
MRR in micro-hole drilling of ZrO 2 by micro-EDM is greatly affected by different pulses during the machining. Beyond the normal discharges various types of irregular discharges such as delayed discharge, short circuit are observed. In RC pulse micro-EDM, discharge occurs frequently before the capacitor has been charged fully. This type of discharge is called delayed discharge which has the similar shape of normal discharge with lower peak current and duration. Sometimes, arching happens when the voltage does not attain the open circuit voltage due to partial deionization of the dielectric. There are numerous amount of short circuits occur in micro-EDM of nonconductive ceramics when the tool electrode contacts with the workpiece. With the increase of machining depth the percentage of short circuit increases due to the insufficient flushing of the debris from the hole. As the hole-depth is increased more short circuits are produced that results in ineffective pulses for material removal from the workpiece. Different types of pulses are shown in Fig. 6 . In the present study, discharges are observed normal in initial stage when the copper AE layer is machined (Fig.6a) . The capacitance is charged about 99% of the machine setup voltage and reached below 2% after discharges. After the charging, the discharge occurred without delay. The similar trend remained at the beginning of ceramic machining. As the machining progressed, pulse shapes began to change and voltage remained at peak for long period than the normal discharge (Fig.6b) . These long-hold-peak pulses take longer pulse-off time that reduces MRR eventually. Another voltage shapes are observed during the micro-EDM of deep holes in which the sparks occurred after the capacitance reached its peak voltage. After discharge, capacitor started charging at comparatively higher voltage values instead of returning to zero from the peak (Fig.6c ). Charging and discharging at higher values than set up voltage provides lower energy. Due to the lower energy supplied in the machining zone by the sparks, MRR again become very low in micro-EDM of nonconductive ZrO 2 .
Conclusions
Micro-holes were created on nonconductive ZrO 2 substrate by micro-EDM using assisting electrode method. The effect of input parameters such as voltage, capacitance on MRR is investigated. Various discharge pulses are investigated during the machining. Following conclusions can be drawn from this study: 
